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m: The paper doscribes threo strategles for adaptive coatrol of
cooperstive dual-erm robots. Ia the positios-positios eontrol strategy, the
adaptive comtrollers emssre thet the end-effector positions of doth srms track
desired trajeotories in Cartesian space despite usknowan time-varyisg
intorsction foroes exerted through the load. Is the position~bybrid costrol
strategy, the adaptive comtroller of one arm costrols end-effector motioms im
the free directions and applied forces is the cosstraist dirasctions; while the
adaptive comtroller of the other srm easures that the end-offector tracks
desired position trajeotories. Is the hybrid-hydrid control strategy, the
sdaptive comtrollers ensure that both emd-effectors track referemoe position
trajectories while simultaneously applying desired forces om the losd. Ia all
three control strategies, the cross-coupling effects between the arms are
trsated as “disturbences” which sre rejected by the adaptive controllers while
folloving desired commands in s common frame of reference. The adaptive
controllers do sot require the (‘pmnlnalauul model of the arm dymamics
or any kuowledge of the srm dysamic parameters or the load parameters such as
mass aad stiffness. The comtrollera bhasve simple strumctures and are
computationally fast for ou-ul.o implementation with high sampling rates.
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1. Iatgroduction

During the past decade, rohot manipulators have been utilized in industry for performing simple tasks, and
it is foreseen that in the near future anthropomorphic ¥obots will replace human operators in osrrying ount
various complex tasks both in industry and ia hazardous enviroamments., Nevertheless, preseut-day robots cam be
considered at best as "hamndicapped” operators due to their sinmgle-arm struoture, It is evident that
multiplioity of robot arms yields greater dexterity and increased efficiency and provides the capadility of
handling larger loads. Dusl-arm robots will therefore have ocapadbilities which msy match those of asbidextrous
human operstors ia dexterity and efficiency.

The research on dusl-arm robots is at its early stages st the present time, and a few approaches are
ocurrently available. Nakano et al. [1) propose a method for control of dual-arm robots in a saster/slavse
manaer. Ishide [2] considers psrallel ard rotatiomsl transfer of loads ueing dusl-arm robots., Fujil and Karonmo
[3] soggest s techaique for dosl-arm control based on the method of virtusl referemsce. Alford and Belyeu (4]
describe a method for coordinated comtrol of two arms, Zheng and Luh (5,6) obtain constrained relations and
control laws for two coordinated arws, Tarn ot al. [7) employ the exact linearization technique for dual-arm
control. Hayati [8] proposes a method for controlling dusl-ara robots based om partitioning the load between
the srms, Koivo {9] suggests an adsptive comtrol teobnigue for dual-srs robots using the self-tuming spproach
Lim and Chyung [10) describe a positional comtrol schome for two coopersting robot arms.

The control architecture considered in tiis paper 1s dased on the tri-level hierarchiocal coatrol of dual-
axm robots as shown in Figure 1. Ina this tri-level costrol architecture, the high level plans the task to de
performed and decomposes the task into sppropriate subtasks for the right and left arms. Ian the latermediate
level, each subtask is transformed into a sequence of synchronous desired trajectories of end-effectors motions
and applied forces, The low level is concerned with the execution of the desired trajectories and employs
feedback from the curront status of the arms. In this tri-level hierarchy, the low level "achieves™ cthe
desired motion and operates in "millisecond” time-scale, the itatermediste level "determines” the motion desired
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for the subtask in "sevosd” time-seale, asd the high level "plans” the subtask sequences is "minute” time-sesle.

The present papes deseribes three sontrel strategies for lov-lovel sdaptive sontrol of escoperative dual-ars
robots using recent resuits on adaptive sontrol of single~-arm rodots [11-13]). In cseh sontrol strategy, s
ssitadle task-related eoordinate frame of referense is shesen for both arme and the desired motions and applied
fozses for eash arm are sxpressed ia this eommon referense frame. Then eseh arm will meve as though it were
eagryiag ost the somsmanded motion by itself in the seferense frame. The adaptive costrollers essure that the
sontrolled variables traek the desired reforence somnands and rejeet the navanted disturbances csansed by
iaterastion forees asd tozgues exerted through the losd.

The paper is strustused as follows. Is Sestion 2, the pesition-position eontrol strategy is diseunssed In
Seetion 3, the position-kydrid sontrol strategy is developed. The hybrid-hydrid costrol strategy is sddresced ia
Seetion 4. Seetion S disencses the results of the psper and drave some esonelusions.

3. DPeaition-Position Comtzel Stratesy

Ia this seotiom, we shall lavestigate the ‘first sostrol strategy for dusl-ars manipslators is whieh detd
arms are in pure positios comtrol, as showa in Figure 2. Is other words, the positions and oriestations of deth
ond-offeotors are requized to traek desired trajectorios in s soumos frame of reference. In this situstios,
sneoatrolled forces and torques vwill be ezerted os the sommon 1oad held by the end-effestors. 1Is this sectiss,
we investigate the performamce of the positios eontrol systems ia the faee of the intersetion forees and torgqoes

ezerted throuwgh the losd.
3.1 Positios Comtroller for Risht/Left Axm

The dymamio model of gaol mesipulator arm can de represented by s differentisl equation I Cartesiss spece
as [14)

MIT ¢ NX,E) + 0(X) ¢+ B(E) o £=F (1)

where the above terms are definmed as:

X.i.i = azxl veotors of emd-effestor positiosn, velooity aad
scoeleration ia a fized task-related Cartesian frame of
reference

F = azxl veotor of "virtwal™ Cartesian forces aspplied to the end-

effector as the coatrol isput

n(X) = nxn symmetrio positive-defimite Cartesiss mass matrix

N(X.i) = axl Cartesias Coriolis eand centrifugsl force veetor

G(X) = prz]l Csrtesias gravity losdiag vestor

B(X) = =8zl Cartesian frictios foroe vector

f = 83l vector of forces and torques exerted by the end-effeotor
on the load

The force/torque vector f both imparts motion to and applies force/torqeue oa the losd and acts es the couplisg
element Detween the two arms. Is the following amalysis, the force/torque vector f will bde considered as s
"disturbance inpet" to the positiom comtrol systes. The fuaction of the comtrol system is to emssre that the
end-effector positiom vector X tracks the axl vector of desired trajectory X4 despite the distucbance force f.
For sach mamipulator arm, let us apply the limear sdaptive positioa control law [12]}

F(e) = d(t) + [Ky(t) B(t) + K, (0)B(E)] + [C(t) Tg(e) + B(e) Tg(e) + Ale) Z,(0)) 2)

8s shova in Figore 3, where E(t) = X,(t) - X(t) is the axl positios trackiamg-error veotor. Is the comtrol law
(2), the nxl chtorﬁd(t) is an ssxiliary signal to be syathesized Dy the sdaptation scheme, while [I,! + x,ll
sad (Cl‘ + BX4 ¢ Ax‘] sre the contridutions due to the feedback snd feedforvard controllers respectivsely.
Folloviag the method desoribed ia 2eference [12], the required suxziliary signal and coatroller gaims sre wpdated
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sssording to the followisg adaptation laws:

t
4(e) = @(0) ¢ 8y [ e(t)ae ¢ 8y £(1) (3
t
Ep(s) = Ey(0) + oy Io £(t) R'(t)de + eqr(t) B'(¢) 73]
‘ . *
K (t) « B (0) ¢ g Io r(t) B°(e)de +» Bar(t) B'(¢) (9
t
C(e) = €(0) ¢ »y [ ety 13004 ¢+ vae(e) T3(0) ©
‘ » »
B(e) = B(0) ¢ 7y [ ett) $3004% » yar(0) Tg(e) n
t . -
ACt) = (0D ¢ 3y £ w () X309t ¢ age(0) X(0) »
vhere
r(e) = ¥, () + ¥, E(t) 9

fs am nxl veotor, {8y, a1, By, #;, vy, Ay) are positive scalars, (8,3, 83, Bz, #3. 73, A3} are positive or zero
sealars, snd the prime demotes tramsposition. Is equation (9), " snd ¥, sre mxs comatant weightiag satrisss
ehosen by the desigaer to reflect the relative siguifiocance of the position and velocity errors B sad B. It
must be moted that simce wve caanot physicelly apply the Cartesisn control force F to the ead-effector, we
isstead compute the mxl equivalent joiat torque veotor T to effestively casse this force. Thuns, for eagh

manipulsator srm, the coatrol law in joist space is given by
T(t) = J'(8) F(e) = J'(8) ( d(t) » l,(t)l(t) ¢ l,(t)i(t) ¢ C(t)X4(t) » l(l)i‘(t) . A(t)i‘(t)l (10)
vhere ¢ is the axl vector of joiat sagular positions end J(8) is the axm Jacodias matrix of the saaipslator arm.

Becasse of the simplicity of the adaptetion laws (3) ~ (8), the robot control algorithm cam de implemented
ssing high sampliag rates (typically 1 KHz). Ia each sampling period (~ lamsec), the costroller gains cam change
sigaificantly; whereas the terms M, N, G, B, and f in the robot model (1) canmot ckange noticesdly. As e
result, in deriviag equations (3) - (B), it was assumed that these terms are umknowa and "slowly time-varying”
relative to the adaptation lasws. It is seen that the inclusios of the disturbamce force f ia the robot model
(1) does not affect the controller sdaptstion laws simce the ochamge ia f over oss saspliug period is relatively

mall.

The sbove srgument suggests that whea both manipulator arms are controlled wsing the tvo jgdependest
sdaptive positiom comtrollers, we expect the ead-effectors to track the desired positiom trajectories despite
the iateraction forces amd torques exerted throwgh the Ioad. It msst be aoted that simce the force om the load
is a0t o controlled variable in this scheme, this strategy cam lead to uadesirable load forces when the positios
trajectories are asot plsnned im coordimation or sre not tracked ciosely.

3. Position-Hybrid Control Strategy

In this sectios, the position-bvdrid control stretegy for dusl-arm manipulators will be studied im whichk
the left srm i3 in pure position control and the right arm is in hydbrid positioa/force control, ss showa in
Figure 4. Ia other words, for the left arm, the end-effector position i3 required to track s desired trajectory
in e frame of reference. For the right arm, ia the same reforence frcme, the contact force between the end-
effector sad the load must be controlled im the directions constrained by the load, while the sand-effector
positios is to be comtrolled simultsnesously ia the free directions. This oontrol strategy canm be applied when
ose robot srm is coafined to operate omly in position coatrol mode whersas the other arm cam de comtrolled ia
Rydrid cosmtrol sode.
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3.1 Pesities Centzellex fer lefi Axa .

Fozr the left arm, the istersetien ferees snd torques eierted threngh the 10ad asre sonsidered as
"disturdances,” and the sdaptive poll'un eontzol systenm esn ensure trackiag of the desired pesitien
trajecterios dospite ssed disturbances, ss ontlined ia Seetien 2. The adaptive pesitien eeatrol law for the
left arm sheows ia Figure 3 is givesn by [12)

Ty(e) = Jp(0g) (@(e) « Tye0mce) « Be0ice) o )z qe) » Boiggte) » Teokyyee)) an

where Ty is the nxl jeint torque veetor, §g is the nxl joint sagle vestor, :‘(q) ie the axa Jaeobian matrix,

Zs4(t) 18 the 221 veetor of desired Cartenianm position trajeetory, B(t) = X3 ,(t) = X(t) 10 the azl pesition
tzaeking-errer veetor and the terms ia equation (11) are adapted as follows:

- t
éte) = T00) ¢ 8y I° r(t)dt ¢ dar(e) - a2
t
LICRER SURNW A L SO as)
' . .
) =T, 000 + py lo £(0)B’(£)de + Par ()R’ (v) (14)
' L] ]
Tae) =« T0) + »y !o r(t) Xgq(tdde + varit) Xgq(t) asn
= t by ) .’
Bey =B(or + v Io r(t) Xgq(t)de + yaele) Igglt) (16)
- e t = o
A(t) = A(0) ¢ a4 Io rlt) Xgq(t)de * Aar(t) Xgq(t) an
where
£(t) = VB + ¥, B(D) as

sad the symbols are defined ia Sectios 2.

3.2 Hybrid Comtroller for Rizht Arm

¥e shall sow discuss the hybrid position/force coatroller for the right arm. Consider s task-related
"comstiaint frame” (coordinate system) which is defised by the partiocular contsct situatios occurriag beatwees the
right end-effector and the load. Is this frame, the a degrees-of-freedum (or directions) ism the Cartesiam speace
(X) oam de partitioned into two orthogonal sets; the m coastraint directions in subspace (7] and the L free
directions is subspace (Y), with a = m + L. Is the ® comstraint direations. the ead-effector mekes comtact with
the 1oad and the cogtagt £0Lge meeds to ve costrolled. Is the L free direotions, the emd-effeotor is free to
sove and the gad-effegior popition is to be coatrolled. Is the hybrid control architecture [16,17], tve
separate costrollers are employed for simultameous force amd position comtrol, The “force ocomtroller” achieves
tracking of desired force setpoimts is the comstraiat direotioss; while the "positiom comtroller” sccomplishes
trscking of desired positios trajectories is the free directionss.

The dyasmic model of ths right arm in the comstraiat directions canm be writtea as [13]
AL Pee) ¢ BILI) Ple) » 2(1) ¢ CT) & £, = Fy(t) an

where F, is the mxl "virtmal® Cartesian force vector applied to the end-effector ia the coamstrsiat directioss, Z
is the m3l vector of eand-effector position, the mzm matrices A end B are highly complex noslisesr fumctioas of
the end-sffector positios X, C’ 13 the oross-coupling frum the position loop ia the force loop and £, is the
componaat of the force exerted on the end-effector by the load in the comstraiant directions. The ters {,
represents the cross-coupliag that exists betweem the arms through the loed and is comsidered ss a "disturbdance”
to the hybdbrid comtroller. .

In a reoent paper {13], am adaptive force coatrol scheme ias developed within the hybrid costrol
srchiteotuare. For the right arm, the linear adaptive force coatrol law in tio comstraint directions is gives dy
[13]
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t .
P00 = By(t) ¢ 608D ¢ Kyi) BCRD ¢ Kyle) [ B(0)4e - K((DIZ() (10)

s shews ia Piguee 5, where P.(t) is the desired sontast foree on the lesd ssed ss o feedforvard tors, 4(t) ic
en anziliary sigasl, B(t) = P (t) = P(t) Ls the doviction of the setusl foree P(t) from the dooired velve, snd

(Ey(t), Ey(t), Ey(t)) are sdaptive gains of the PID sentreller. The terme is the foree soantrel lav (10) arxe
adapted as follews:

t
4() = 4(0) + 8y fo alt)ds + Baq(t) (1)
Kg(t) = Kq(0) ¢ ay Io Q(t) Eo’(r)dt ¢ aqqlt) Be' () (13)
t
Ky (3 = Ky (0) + Py Io qlt) B'(e)de + Paglt) B (¢) (23)
' . .
K (¢) = K,(0) - vy Io e(t) Z'(e)de = yaalt) Z'(t) (24)
whoge
alt) = ¥p Eeqe) ¢ WyR(t) - W2(¢) (28)

t
Ia equations (21)-(23), B®(t) = J B{t)dt L the integral srror vestor, (01. e, 1. 7y} are positive scalacs,
o .

(83, a3, B3, v3) are positive or zero scalars, sud (Wy, Wy, W] are constant welghting matrises ehosen by the
designer to reflect the relative significance of E¢, E an

The dynsmic model of the right arm iam the free direestions oam be writtenm as [13])
A LD T(e) + B T(e) o CoULIIT(8) + Co(B) & € = Bylt) (26)

where f’ s the compomest of the esd-effector foroe ia the fsve directions, Cyp is the cross-coupliag from the
force loop, Ay, By, C, sre complex sonlinear matrices, Y is the end-effector position vector and F is the
"virteal” end-effector comtrol force. For the right arm, the limear sdaptive position coatrol law {a the free

dirsctions {s gives by
l"(t) - d(t) ¢ l’(.) B () o iv(t) i,(:) + B(t) REr) + B(e) R(t) + X(t) R(t) 7)

as in Sectios 2, where R is the desired position trajectory, l, =R - Y is the position trackimg-error, and Fy
1s the "virtuwsl® Cartesias force is the free directions. Thms, in order to implement the force and position
costrollers (20) and (27) im the hybrid comtrol srchitecture, the joimt spece comtrol lev for the right arm is

given by

F'(t)
T (t) = Ji(8,) an
Py(t)

as showa in Figere 6, where 8, i3 the joimt amgle vector, T, is the joist torque veetor, and J. is the Jacobisn
matriz of the right erm with sppropriate reordering of columas of J, if secessary.

The Aybrid coatroller adaptation laws (3)-(8) and (21)-(24) sre extremely simple, and therefore the control
algorithm can be implemented nsing high samplimg rates (= 1 KHz); yieldiag improved performance particularly ia
force control spplications. Simce im each sampling period (= 1 meec) the terms in the robut models (19) and
(26) cansot chamge moticeably, it is reasomable to assume that these terms are "slovly time-varyiag® compared to
the adaptation scheme. Thus the isolusion of the disturbance forces f, and ty in the robot models (19) and (26)
does n0t affect the comtroller performamce..

¥e conclude that ueing the position-hybzid comtrol strategy, the left end-effector will track the desired
position trajectory despite the interaction forces throsgh the load. The right end-effector will axert the
desized force om the load in certals direotions while simnltaneously trackiag the desired position trajectory inm
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the orthegens] direstions. It must be noted thst im this eomtrol strategy. slight fluetmations asy b observed
oz the lead foree due to very small vibrations of the left arm uades position eeatrol.

4. Edgid-Bybrid Contxol Stragtesy

Is thie seetien, the kybrid-hybrid sentzol strategy for dusl-arm ssaipulators vill be studied ia whiek Both
szse sre in hybrid position/fores eontrol, as shown in Figure 7. Is other words, iz a eommos frame of
teforense, for Doth arms, the foroes exerted by the ead-effeetors on the 1oad ia the somstraiat direstioas ()
st bo eontrelled, vwhile simsltsnconsly the end-offectors sre roquired to traek desired positiens trajeetories
ia the fr0e disestions {Y). Aay uawanted forees and torques om the load gonorated by the relstive positions and
oxjontation of the ond-effeostors vill set os "disturbences.” snd the adaptive Mydrid eontrollers esssre that the
desised pesition/foree trajeetories are treeked dospite sueh distuzbences.

4.1 BErdcid Castxellss for Risht/lafs Azs o4
Pollowing Seetion 3, for gped menipulator arm the kybrid position/force soatzol law ia the joint spase ean

be writtes as

Fa(e)
T(t) = J'(0) (29)
r,(t)

where J(0) is the Jacobian mateiz (with appropriate columa reorderiag i{f secessary)., asd Fo(t) and "'(() age the
“virtual® Cartesiam forces spplied to the end-effestor ia the :zomstraimt directioss {Z) sad free directiocas (Y1),

tespectively, As showa is Figure 3, the force coatrol Jav is givea by
t
Fote) = Pole) ¢ d(t) » Kglt) fo By(s)dt » Ky(t)B (2) - K (t)Z(2) (30)

vhare P (t) is the desired force setpoist, E,(t} = Pe(e) = Py(t) is the force trackimg-error sad the sdaptation
lavs are:

3
d(t) = 4(0) ¢ §; lo a(t)de + 8yalt)

t
Ep(e) = Kz(0) ¢ o lo q(t) l:'(t)u + ayq(t) l:'(t)

t
Kptt) = K000 + py Io alt) Bi(t)de + Baq(t) Bi(t)

t
L(t) = K,(0) - y4 fo aft) Z'(e)de ~ yaq(t) 2°'(t)

where
We) = WEI(e) » WoB (1) - W Z(g)

t
aad EJ(t} = /0 Ey(tide aad (Wy, Wy, ¥,) ace desired weighting mstrices,

The position comtrol law is sxpressed as
Fy(t) = dte) « T Ry (0) » T (000 + TR + BOR() + KR Gy

where R(t) is the desired position trajectory, l’(t) = R(t) - Y(t) is the positiom trackisg-error ssd the
sdaptation laws are:

t
d(e) = q(0) + By 16 r(t)dt + Bpr(t)
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- . -
(t) = K.(0) + 55 / s(t) Bi(t)dt ¢ par(t)BI(t)
1/, e By L
- t . pa—
Bytey = Ty + 5y /ete) Bpcnrae » priodyin
¢
Te) = To) + 5y Ly #(0) R (et ¢ e (0)
t
Be) =To) + 5, ,o r(t) R (2)de ¢ Tae(t)k (0)

- - t . - .
A(t) = At0) + %, ,o £(t) R'(t)dt + Aor(tIR'(L)

whare

2e) = Tpro(e) + Tyky(t)
and (;,,?'l sre desired weighting matrices.

The above coatroller adaptation laws are extremely simple, aad therefore, the hkybrid comtrol slgorithm can
be implemented using high samplisg rates (x 1 KEz), ylelding improved performemce., Under the adaptive hybrid
eontrollers, both end-effectors sre expected to exert the desired forces om the load wvhile simulteneonsly moving
on desired trajestories. The hybrid-hybrid coatrol strategy is most suitsdle when simultameons comtrol of both
position and foroe is required.

S. Disemspion aad Comolusjons

Thres adaptive comtrol strategies for cooperative dual-azm robots are desoribed ia this paper. In these
strategies, esach robot arm 1is comsidered s subsystem of the total system amd is ocoatrolled jindependeatly wusing
an adaptive ocomtroller im the low level of the comtrol hierarchy. Baok costroller essures that the costroiled
varisbles follow desired commands and reject uawanted cross—coupliag effects from other ssbsystems which are
trested as "disturbances.” The subsystems are coordinated through trajectory geserstors iam the istermediate
level, whers symolromous desired trasjectories for both arms sre specified in s goppop task-related frame Of
rofoerence. Aan importamt feature of the preseat approsch is that the overall coatrol system for N cooperative
arms is reduced to N deceatralized independent single~arm controllers, The coantrol schemes 4o sot requirse
conmunicatios and date exchange among isdividual conmtrollers, which is an appealing festure from doth
computationsl and reliadility poists of view. Furthermors, available techaiques for sisgle-arms coatrol cam be
stilized directly ia multiple-arm eaviroamests.

The comtrol strategies described ia this paper do mot require the kmowledge of the load psrameters such as
mass end stiffness or the robot dymamic parameters swch as link masses and imextias, and cas therefore cope with
uncertaintios or varistioas im the system parsmeters. Furthermore, the eomplex dymamic model of the azrms is not
used in genersting the control sotions. The control schemes sre very simple aand extromely fast for on-1line
implementation with high sampling rates, yieldiag inmproved dysamic perforsance. The comtrol methodology
descrided is this paper can also be utilized is the coordimsted comtrol of N-arm robots whes N exceeds two.
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Figure 1, Tri-level Hierarchical Control of Dual-Arm Robot
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Figure 6. Hybrid Position/Force Control System
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Figure 7. Hybrid-Hybrid Control Strategy
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